We study a model that extends the Georgi-Machacek model by the addition of an inert doublet, Φ2. This allows for the model to contain a natural dark matter candidate, H 0 . For a number of benchmark points at two DM candidate masses (m H 0 ∈ {70, 250} GeV), we determine the relic abundance, direct detection cross section, and collider constraints. We find that the collider studies used do not constrain the model. For the parameter region chosen, the points are ruled out by direct detection experimental results. At the lower mass point, we do not find a viable parameter point, while at the higher mass we do find an additional point that satisfies all the applied constraints.
The discovery of a Standard Model (SM)-like Higgs boson at the Large Hadron Collider (LHC) in 2012 [1, 2] completed the particle content of the SM. With subsequent runs of the LHC, the Atlas and CMS collaborations have refined measurements [3] [4] [5] [6] of this scalar particle to determine if it is indeed the SM Higgs. Thus far, the measurements agree with predictions of the SM. The remains hope, however, that some room still exists in which Beyond the Standard Model (BSM) physics may hide.
One such BSM model is the Georgi-Machacek (GM) model [7, 8] , which adds two isospin triplets to the original doublet in the Higgs sector. This results in two Higgs particles, two additional neutral scalars, two singly-charged scalars, and one doubly-charged scalar. The GM model may enhance couplings of the Higgs to the W and Z bosons relative to the SM and maintains the relationship between the W and Z boson masses at tree-level, ρ = m 2 W/m 2 Z cos 2 θ W = 1. The phenomenology of the GM model has been very well-studied (see, e.g., [9] [10] [11] [12] and references therein).
An important feature of BSM physics models is to include a dark matter (DM) candidate. The Universe consists of a significant amount of DM relative to normal matter such as stars, planets, and manatees. While we have not yet directly observed DM, we do know that it must satisfy certain properties: it must interact with normal matter gravitationally; it does not interact electromagnetically; and it must be stable on cosmological timescales. The Weakly-Interacting Massive Particle (WIMP) paradigm provides a natural DM candidate, one that has the correct relic abundance and that may also interact with the electroweak sector, allowing the possibility of directly detecting DM particles and particle creation at colliders here on Earth. On the other hand, experimental results have not produced a definitive signal of DM [13] [14] [15] . The lack of signal allows us to place limits on the interaction cross section between the DM and SM particles.
One of the simplest extensions of the SM is the Inert Doublet Model (IDM) [16] . The IDM introduces an additional doublet to the SM. This doublet does not acquire a vacuum expectation value (vev) like the usual Higgs doublet. In addition, a Z 2 symmetry is imposed on the Lagrangian, making the lightest particle in the inert doublet a DM candidate. The phenomenology of the IDM has been extensively studied (see, e.g., [17] [18] [19] [20] [21] [22] [23] [24] and references therein).
Unfortunately, none of the additional particles in the GM model are a viable DM candidate. Previously, the GM was furnished with a DM candidate in the form of a singlet scalar [25] , which examined the effects of requiring that the DM candidate constituted all of the DM density on Higgs coupling measurements. In that study, the authors found that DM candidates in that model were excluded below 57 GeV, and that Higgs coupling measurements do not constrain the model beyond the constraints on the GM model without the additional singlet scalar. In the current study, we add to the GM model an inert doublet containing a DM candidate, H 0 , as well as a neutral isoscalar, A 0 , and a singly-charged scalar, H + . We examine the effects of varying the couplings between the triplets and the inert doublet on the relic abundance and direct detection cross section. Additionally, we ensure that the parameter points chosen are not excluded by current LHC searches. This paper is organized as follows. In Section I, we introduce the model and fix the notation. In Section II, we describe the parameter space. We give collider results in Section III and DM results in Section IV. We conclude in Section V. Parameter translations are given in appendices.
I. MODEL DESCRIPTION
The Georgi-Machacek model extends the SM scalar sector through the addition of two isospin triplets. The usual SM doublet, Φ, carries hypercharge 1 Y Φ = 1. The complex triplet, χ, carries hypercharge Y χ = 2 and the real triplet, ξ, carries Y ξ = 0. The GM itself does not have a dark matter (DM) candidate, since the neutral particles can decay.
To alleviate this shortcoming, we add a second, inert doublet to the GM model. The Lagrangian describing the combined GM and IDM model is given by
where 
The vacuum expectation values are given by
Note that v + 2 = 0 will lead to a charged vacuum, and v 2 = 0 means that Φ 2 is not inert [20] . Thus, we set v 
The scalar potential,
given in three parts. To ensure a good DM candidate, we impose a Z 2 under which Φ 2 → −Φ 2 and all others x → x. In the literature the notation for the scalar quartic couplings in the GM and IDM models overlap. We set here our notation for the combined model. The interactions between the triplets and the non-inert doublet are given by
In Equations (5) to (7), Φ 1 , Φ 2 , χ, and ξ are as given in Equation (2) . The bidoublet and bitriplet forms of Φ 1 , χ, and ξ are
The matrix, U , rotates X into the Cartesian basis is given by
In the mass basis, the field components are given by
This results in nine new scalars in addition to the usual Higgs. The H 
where
The physical masses are given in terms of the Lagrangian parameters by
where we have eliminated µ 
II. PARAMETER SELECTION
The GM+IDM model consists of sixteen free parameters. A scan over such a large parameter space would be unfeasible. As such, we must first reduce the number of free parameters. Since we are interested in the model containing a DM candidate, the relic abundance of H 0 is an important quantity. Parameters that do not affect the relic abundance can therefore be set to a fixed value.
We first implement the model in FeynRules (v.2.3.29) [27] and calculate the relevant quantities using MadGraph5 aMC@NLO (v.2.6.0) [28] with the MadDM (v.2.0) plugin [29, 30] . We perform a rough scan of the relic abundance, Ωh 2 , and determine the following.
• λ 1 , λ 4,5 are fixed by the masses.
• λ 2 has a modest effect on Ωh 2 (up to ∼ 20%).
• λ 3,4,5 have no appreciable effect on Ωh 2 (less than ∼ 1%).
• λ 2,3 have a minimal effect on Ωh 2 (∼ 5%).
• Modifying κ i has the strongest overall effect on Ωh 2 (up to ∼ 40%).
Our parameter scan will thus
• set m h = 125 GeV, v = ( √ 2G f ) −1 ≈ 246 GeV, and tan θ H = 0.1;
• set λ 2 = λ 3 = λ 3 = λ 4 = λ 5 = 0.1; and
• scan over λ 2 , κ i , and the masses as given in Table I .
Values were chosen to fall within the allowed ranges based on previous studies of the IDM [19] as well as the GM model [31] . This results in 216 parameter points which give a spread of allowed relic abundance values. As we will see later, this set is ruled out by direct detection experimental limits. At the lower DM mass value, m H 0 = 70 GeV, we do not find parameter values that evade both DM constraints. At the higher DM mass value, m H 0 = 250 GeV, we find a point that satisfies all of the constraints applied in this study. These points will be further described in Section IV B.
As shown by the Fermi-LAT collaboration in [32] , were we to consider indirect detection constraints from dwarf spheroidal galaxies, the Inert Doublet Model can be ruled out by the annihilation to bb and τ + τ − for DM masses up to ∼ 100 GeV. Similarly, this rules out the parameter points at m H 0 = 70 GeV through strong couplings hH 0 H 0 and HH 0 H 0 . In [33] , it is shown that the Cherenkov Telescope Array would be able to rule out DM candidates in the IDM with masses up ∼ 800 GeV. This would additionally rule out our parameter points at m H 0 = 250 GeV.
In [34, 35] , it was shown that loop corrections to the masses m 3 and m 5 are large in the GM model, leading to a breakdown of perturbativity. This could lead to problems with the higher mass parameter points, and would need to be considered in more detail for this model.
III. LHC CONSTRAINTS
A model that adds new particles to the SM, when those particles are below the energy reach of current collider experiments, must be compared against the results of those experiments. One of the goals of the Large Hadron Collider (LHC) programme is to find BSM physics. As of yet, there are no definitive signals. The Atlas and CMS collaborations cannot look for every model of BSM physics, and so we must recast their searches to place limits on our models. [39] to determine if a given parameter point is allowed or excluded by a set of LHC searches. The quantity of interest is r ≡ S /S95, where S is the number of signal events computed by CheckMATE 2 and S 95 is the model-independent upper 95% confidence limit from the given search. Values r < 1 are allowed by that search and r > 1 are excluded.
For the GM+IDM model, we use searches from the LHC at two centre-of-mass energies: 8 TeV [40-64] and 13 TeV [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] . The following process is used in CheckMATE 2. First, in MadGraph5 aMC@NLO, define new as the set of all particles added to the SM by GM+IDM and then produce 50000 pp → new new events at each parameter point at each selected centre-of-mass energy. These events are passed to Pythia 8 to shower, and subsequently Delphes 3 for detector simulation. CheckMATE 2 then uses an AnalysisHandler to prepare the reconstructed events for analysis, which returns the number of events that satisfy criteria for each signal region in the given analysis. The scan points chosen all pass the requirements. The highest r values obtained in each energy regime for this study are shown in Table II. For the 8 TeV point, the strongest constraint comes from a search for direct production of charginos and neutralinos in events with three leptons and missing energy [64] . The signal region that gives this (not very strong) constraint, SR0τ a02, requires two same flavour, opposite sign (SFOS) leptons with invariant mass 12 − 40 GeV and / E T > 90 GeV. The largest cross section in our model at this point comes from p p → H 0 H ± , which can decay thorough
ν . Events such as this will indeed contain a large amount of / E T , since they involve two DM particles and a neutrino. The SFOS leptons will fall within the required invariant mass range because the maximum energy available to the off-shell Z boson will be 40 GeV.
For the 13 TeV point, the strongest constraint comes from a search for scalar top partner pair production in events with four or more jets and missing energy [77] . The signal region that gives this (not very strong) constraint, SRA-T0, requires two b jets and / E T > 550 GeV. The largest cross section in our model at this point comes from p p → H 0 H ± , which can decay thorough
For this process to met the / E T requirement, the H 0 must be highly boosted.
Left panel shows relic abundance as a function of DM candidate (H 0 ) mass. The solid black line is the relic abundance from the Planck experiment [78] , with the grey region representing a 25% uncertainty. Right panel shows direct detection cross section as a function of DM candidate (H 0 ) mass. The solid black line show the bound from the PandaX-II [81] experiment, the dashed medium grey line shows the Xenon1T [82] bound, and the dotted light grey line shows the LUX [80] bound. In both plots, the blue circular points are the scan points chosen in Section II, while the triangular points are the parameter points chosen to evade direct detection bounds, as described in Section IV B.
IV. DARK MATTER CONSTRAINTS
A. Relic abundance
The relic abundance of a particle species-how much of it exists in the Universe-is an important quantity.The Planck collaboration finds [78] Ω DM h 2 = 0.1188 ± 0.0010 .
Given a standard freeze-out, the number density of a particle species, n, follows [79] dn dt
where H is the Hubble constant, σβ is the thermally-averaged annihilation cross section, and n eq is the number density of the particle in thermal equilibrium with the Universe at a given temperature. The relic abundance is the proportional to the current number density. We compute the relic abundance for our DM candidate, H 0 , using MadDM (v.2.1.0) [29] , a plug-in for MadGraph5 aMC@NLO (v. 2.6.0) [28] . MadDM determines the relic abundance using all 2 → 2 processes with the DM candidate in the initial states, and numerically solves Equation (30) . For the points described in Section II, the resulting relic abundance is shown as the blue circles in Figure 1a . From this, we see that coupling between the inert doublet and the triplets does indeed affect the relic abundance. At m H 0 = 70 GeV, varying λ 2 and κ i causes a factor of 4 variation in the relic abundance about Ωh 2 ≈ 0.01, while at m H 0 = 250 GeV we find a factor of 2 variation in the relic abundance about Ωh 2 ≈ 0.0004. Note that all of the values fall well below the measured value of Ωh 2 = 0.1188, shown as a solid black line with an uncertainty band of 25% in grey on the plot, meaning that if H 0 is the DM at these parameter points, it cannot be the only component of the DM. 
B. Direct detection
If a DM candidate interacts non-gravitationally with SM particles, then we should be able to detect it here on Earth. To look for Weakly-Interacting Massive Particles (WIMPs) such as our H 0 , experiments use large volumes of liquid noble gas (like xenon or argon) in low-background environments and attempt to detect the small deposit of energy left by a WIMP colliding with a nucleus. Thus far, there has been no definitive signal from a DM-nucleon collision in experiments. The lack of signal allows us to place limits on the interaction cross section, with the most sensitive limits currently from LUX [80] , PandaX-II [81] , and Xenon1T [82] .
The direct detection cross section is computed also using MadDM (v.2.1.0) [29] , which numerically computes the low-energy effective operator coefficients. Using these coefficients, MadDM calculates the relevant 2 → 2 scattering processes for DM interacting with a nucleon. The resulting cross sections for our parameter scan are shown as the blue circles in Figure 1b . In this figure, we also plot the limit from LUX [80] (dotted light grey), PandaX-II [81] (solid black), and Xenon1T [82] (dashed medium grey). The shaded grey region above the curves represents the parameter space excluded by the experimental results. As we see, the blue circles from our scans lie entirely in the excluded region.
We would like to find some point that evades the direct detection limit. We use the values given in Table III . At m H 0 = 70 GeV, we find that, by moving into the part of parameter space that allows the direct detection limit to be satisfied, we break the limit on the relic abundance with Ωh 2 = 2.99. This point is shown as the red up triangle in Figure 1 . This is caused by the coupling of H 0 to h, which has a singularity when the mass difference between the two Higgs particles is small, |m H − m h | ≈ 0. The coupling is given by
However, at m H 0 = 250 GeV, we find that the point is allowed, with relic abundance Ωh 2 = 0.0012 and direct detection cross section σ dd = 4.52 × 10 −49 cm 2 . The singularity at α H ≈ 0 does not occur at this parameter point because the mass difference between the two Higgs particles is much greater. Both of these points are allowed by the collider constraints of Section III.
V. SUMMARY AND OUTLOOK
In this paper, we studied the Georgi-Machacek model extended by an inert doublet in order to furnish the GM model with a dark matter candidate. Our interest was in how the couplings between the inert doublet and the triplets affected the collider prospects, relic abundance, and direct detection limits. Over a selection of points in the (m H 0 , λ 2 , κ 1 , κ 2 , κ 3 , κ 4 ) plane, we find that collider and relic abundance constraints are satisfied, but the direct detection cross sections fall in the region excluded by current experimental limits.
We then looked for a point to evade the direct detection limits at the two mass values used. At the lower mass, m H 0 = 70 GeV, we find that evading the direct detection limit causes the relic abundance to be too large. On the other hand, at the higher mass, m H 0 = 250 GeV, we find a point that satisfies both direct detection and relic abundance limits.
A full scan over all sixteen free parameters would be the ideal next step, however the computational resources required for this would be great. Further, constraints arising from indirect dark matter experiments should be applied to the GM+IDM model. A more detailed study of the collider constraints on the model near the higher mass scale would also be intriguing.
